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Cross phase modulation (XPM), which originates from the nonlinear interaction 
between light signals in semiconductor devices or optical fibers, has tremendous 
impact on the performance of high-speed wavelength division multiplexing (WDM) 
and time division-multiplexing (TDM) systems in optical fiber communication. 
In our work, we first demonstrate the scheme of compensated dispersion tuning to 
generate wavelength-tunable short pulses. The generation scheme makes use of XPM 
in a semiconductor optical amplifier (SOA) placed inside a fiber loop. A 1 GHz 
harmonically mode-locked pulses are obtained over a wavelength tuning range of 19 
nm with a suppression ratio as high as 34 dB. 
All-optical wavelength conversion and data conversion from non-retum-to-zero 
(NRZ) to retum-to-zero (RZ) format are necessary processes for interfacing all-optical 
networks and have been demonstrated experimentally in this thesis. The basic scheme 
makes use of the principle of XPM in a dispersion-shifted fiber (DSF) with optical 
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filtering from a broadened spectrum. Comparing to other schemes, this approach 
offers a relatively stable and simple operation, and is less susceptible to 
environmental disturbances. 
Another important application of the fiber non-linearity is in pulse restoration. Group-
velocity dispersion (GVD) has become a limiting factor in short-pulse transmission in 
high-speed optical transmission system. Therefore, all-optical reshaping technique for 
high-speed optical communication systems is required to restore the distorted 
waveform. Different schemes for all-optical reshaping have been reported recently. In 
this thesis, we have proposed a novel and simple technique for all-optical pulse 
reshaping in DSF through XPM. The filter is set to be slightly away from the original 
center wavelength to select output from the short wavelength side bands. The output 
pulse width is determined by the trailing edge of the control pulse. The experimental 
results and performance show this scheme's effectiveness in restoring the degraded 
pulse shape. 
In order to further simplify the technique of pulse compression, another technique 
based on self-phase modulation (SPM) of the signals with subsequent optical filtering 
is reported in this thesis. An advantage of this scheme over XPM is to eliminate the 
control signal. This approach is polarization insensitive and provides the simplest way 
to compress the input pulse. However, this kind of compression requires a relatively 
high power of the input pulses to broaden the spectrum and to produce a frequency 
chirp. We have improved the performance of SPM by constructing a ring cavity to 
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provide feedback for the optical pulses. The output spectrum becomes more 
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NEW APPROACHES FOR LASER PULSE 
GENERATION AND SIGNAL PROCESSING 
USING OPTICAL PHASE MODULATION 
1. INTRODUCTION 
Much study has been done on the principle of fiber non-linearity, and this chapter 
reviews its practical applications and significance in optical engineering. Several 
experiments using SOA and DSF with different approaches and configurations were 
conducted and their results demonstrate several important applications, which include 
wavelength conversion, format conversion and pulse compression and reshaping. 
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1.1 Introduction to non-linearity of fiber and semiconductor 
optical amplifier (SOA) 
Third-order optical non-linearity plays an increasingly important role in the design of 
high-capacity optical systems or further increase of the transmission efficiency, 
especially due to the low dispersion of optical fibers, which favors the effect of the 
non-linearity. It can be applied to all-optical signal processing which will play a 
major role in future optical networks in order to fully utilize broad bandwidth of the 
optical carrier. 
The optical non-linear effect is due to the refractive index change with optical power. 
The non-linear refractive index is responsible for the intensity dependent phase shift 
of the optical signal. This dependency tends to modify the propagation characteristics 
of the optical pulses and leads to interaction between different pulses. In recent years, 
detailed studies focus on the characterizing optical fiber non-linear response and 
improving the knowledge of the different physical mechanisms contributing to the 112 
coefficient. Several non-linear effects such as self-phase modulation (SPM) and cross-
phase modulation (XPM) can be applied for different optical process. 
In this thesis, using the non-linear effect of the optical fiber and semiconductor optical 
amplifier (SOA), different scheme is demonstrated for signal processing. 
Experimental works dealing with self- and cross-phase modulation of optical pulses 
propagating in fibers and SOA are presented here. 
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1.2 Applications of optical non-linearity 
1.2.1 Wavelength tunable pulse generation 
Wavelength tunable short pulse source is important light source for a lot of 
application, such as wavelength-division-multiplexing (WDM) communication 
systems and optical sensing. The wavelength tunable pulse laser with the wide 
wavelength tunable region and high tuning speed provides many applications in the 
fields of opto-electronics. 
Wavelength tunable optical pulses can be directly obtained by RF modulation of 
Distributed Feedback (DFB) or Distributed Bragg Reflector (DBR) lasers with a 
diffraction grating etched inside the laser cavity. Injecting carrier into the reflecting 
region can change the refractive index and therefore the wavelength. These lasers are 
compact and offer fast tuning speed, but the tuning range is limited which is about 10 
nm [l]-[3]. To enhance the tuning range, the DBR laser can be incorporated with a 
super-structure gating (SSG) reflectors [4]. The wavelength tuning is performed by 
injecting the current into the reflector regions. 
The passively mode-locked fiber laser has been demonstrated in the past few years 
ago. It is compact and produces stable optical pulse, which is useful for practical 
applications. However, the wavelength of the laser pulse is not widely tunable. Self-
injection seeding or external injection seeding of a gain-switched Fabry-Perot (FP) 
laser diode is a simple method to get a widely tunable optical pulse source. The self-
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seeding technique is using an external path to feed the laser output source back to 
itself [5]-[7]. Wavelength tuning can be obtained by mechanically tilt the external 
diffraction gratings or by changing the RF driving frequency in lasers with an external 
fiber cavity [8]. However, these schemes are limited on the tuning speed and lack of 
stability. 
The generation of wavelength tunable pulses with high repetition rate can be achieved 
by applying wavelength selective element, such as fiber Bragg grating, optical 
acoustic filter or FP etalon in fiber laser. Moreover, connecting with dispersive 
medium in the cavity, the fiber laser can be tuned by changing the driving frequency 
of the modulator [9]. 
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1.2.2 Wavelength Conversion 
All-optical wavelength conversion plays an important role in future broadband optical 
networks. The most important function is to avoid wavelength blocking in optical 
cross-connects in wavelength division multiplexing (WDM) networks. Wavelength 
conversion not only can increase the flexibility and capacity of an optical network that 
using a set of different wavelengths, but also can be used to centralize network 
management. 
Various strategies have been investigated to achieve all optical wavelength conversion 
in recent years. One straightforward method is an electro-optic converter consisting of 
a detector followed by a laser to retransmit the incoming signal on a new wavelength. 
It enables direct translation of information from one wavelength to a new one via the 
electrical domain. However, this method is quite complex and consumes large power. 
Wavelength conversion based on four wave mixing (FWM) is polarization sensitive 
and the conversion effect is not significant when the wavelength separation between 
the control signal and the input signal is large. Also, the power conversion efficiency 
of these techniques is not large (1%). Semiconductor optical amplifier (SOA) [10]-
[12] by cross-phase modulation or cross-gain modulation (XGM) is another most 
common device as a wavelength converter to increase the power conversion 
efficiency. Non-linear optical loop mirror (NOLM) [13] is another approach for 
wavelength conversion. However, it requires low duty cycles and is sensitive to 
environmental perturbations. 
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Using single-mode semiconductor lasers can also perform tunable wavelength 
conversion. By injecting input signal in the saturable absorber regions in a multi-
electrode distributed feedback (DFB) laser [14] or distributed Bragg reflector (DBR) 
lasers cavities [15]-[16], the converted signal can be emitted. This method has a 
limitation on the response speed of the saturable absorber regions [17]. 
Apart from using SOA and NOLM, a dispersion-shifted fiber (DSF) is used as the 
non-linear media for wavelength conversion that has the advantage of ultra-fast Ken-
non-linearity. This simple and more robust configuration has many advantages such 
as simplicity and polarization insensitivity. This conversion can be performed over 
wide wavelength range and the bit rate is only limited by the required input signal 
power. 
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1.2.3 All-optical NRZ to RZ format conversion 
Ultra-fast all-optical signal processing techniques such as data format conversion 
between retum-to-zero (RZ) and non-retum-to-zero (NRZ) are expected to play 
important roles for future optical networks that will include both wavelength-division 
multiplexing (WDM) and optical time-division-multiplexing (OTDM) technologies. 
NRZ modulation format has been used in long-haul transmission systems, which is 
based on the fact that fiber dispersion, and non-linearities are detrimental effects. The 
NRZ format requires minimum bandwidth and minimum optical peak power per bit 
interval for given average power. However, with increased bit rates it has been shown 
that RZ modulation formats offer certain advantages over NRZ, as they tend to be 
more robust against distortions that it can maintain the integrity of the signal over 
long distances. RZ format is preferred in ultra-fast OTDM networks because of 
greater timing tolerance [18]. In order to enhance bit rate between network nodes for 
increasing the network throughput, NRZ to RZ format conversion is necessary. The 
conversion from low bit rate of NRZ signals into high bit rate of RZ signals becomes 
an important process to interface optical network with high-bit-rate transmission 
systems. 
Previous work has demonstrated all-optical NRZ to RZ conversion using a non-linear 
optical loop mirror [19], but the system performance showed that it is sensitive to the 
polarization state of the loop mirror. Another approach using SOA as the key non-
linear element for format conversion [20], however, it is limited by the gain recovery 
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that it is difficult to perform the conversion at high-bit-rate. In chapter 6 of this thesis, 
based on the technique of cross-phase modulation, a relatively simple technique for 
all-optical NRZ to RZ format conversion is introduced and demonstrated 
experimentally. The converted RZ signal exhibits less than 2 dB power penalties at 
10.9 bit error rate. This approach is less vulnerable to changes in polarization and is 
relatively stable. 
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1.2.4 All-optical pulse compression and reshaping 
In high-bit-rate optical communication systems, it is important to generate ultra short 
optical pulses from semiconductor lasers. However, the signal waveform is easily 
degraded by dispersion or loss of the transmission fiber. The distortions accumulate 
with the transmission distance and the number of processes. A variety of pulse 
compression and reshaping techniques, which is based on a different phenomena, 
have been demonstrated in recent years. 
One important application of the non-linear effect is pulse compression. Pulse 
compression is an established technique for generating optical pulses shorter than 
those produced by lasers. Compressors based on single-mode fibers (SMF) are also 
limited to the pulse power by higher-order non-linear effects and ultimately by 
damage to the fiber. Another most common physical process is based on self-phase 
modulation (SPM) that a single optical pulse interacts in the non-linear medium. This 
method has previously been demonstrated to compress and reshape RZ data [21] and 
also restores the broadened waveform due to dispersion [22]. However, SPM 
technique requires an intense pulse to induce frequency chirp for pulse compression 
and is inefficient for low peak power of optical pulses. Instead of SPM, cross-phase 
modulation (XPM) is another simple approach to impose a frequency chirp on an 
optical pulse for pulse compression as well. A co-propagating intense pump pulse can 
transfer the intensity modulation of one pulse to phase modulation of the other pulse 
through another non-linear phenomena, called cross-phase modulation (XPM). XPM 
between pulses at different wavelengths has been observed to induce frequency 
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broadening or shifts and produce pulse trains. In this thesis, pulse compression and 
reshaping is demonstrated through a semiconductor optical amplifier (SOA) and 
dispersion-shifted fiber (DSF) by XPM. These techniques provide a simple approach 
without the need for precise measurement to improve the transmission of optical 
pulses. 
To eliminate the need of an intense pump pulse to induce frequency chirp and 
improve the performance of SPM, a novel technique is proposed for shaping and 
shortening of weak broadened input pulses. Based on the SPM technique, a re-
circulating optical path and two-stage optical filtering are added to induce second 
stage of phase modulation. The comparative results prove that it is possible to 
enhance the frequency chirp and further shorten the laser pulses. 
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1.3 Overview 
This thesis concentrates on investigating the applications of optical non-linearity from 
semiconductor optical amplifier and dispersion-shifted fiber. 
Chapter 1 introduces different applications based on optical non-linearity. 
Chapter 2 discusses the basic phenomena of cross-phase modulation and self-phase 
modulation. The general idea of dispersion wavelength tuning in fiber laser is 
described. The working principle of all-optical modulator, non-linear optical loop 
mirror (NOLM) is also explained in this chapter. 
Chapter 3 focuses on the preliminary experimental studies on the non-linearity of 
SOA and dispersion-shifted fiber (DSF). 
Chapter 4 demonstrates the harmonically mode-locked fiber ring laser by dispersion 
compensation approach with the use of a semiconductor optical amplifier (SOA) loop 
mirror as an optical modulator. Wavelength tunable optical pulses are obtained. 
Chapter 5 presents wavelength conversion based on cross-phase modulation (XPM) in 
a DSF combined with an optical filter to convert phase modulation to amplitude 
modulation. The wavelength-converted data is obtained by filtering one of the 
frequency chirp sidebands. 
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Chapter 6 describes all-optical NRZ to RZ format conversion using XPM in DSF. 
The converted RZ signal is obtained by optical filtering from the XPM-induced 
broadened spectrum. The DSF acts as an all-optical logical AND gate in this 
experiment. 
Chapter 7 illustrates all-optical pulse compression and restoration of the dispersively 
distorted pulses by XPM in DSF. 
Chapter 8 proposes and demonstrates a novel technique for all-optical pulse 
compression and reshaping. A double-pass non-linear medium and two-stage optical 
filtering can further compress the pulses and enhance the SPM-induced spectral 
broadening. 
Chapter 9 summarizes the ideas and observations discussed in this thesis, and 
suggests possible future work. 
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2 PRINCIPLES AND THEORIES 
This chapter reviews and explains the basic principle of different optical non-linearity 
effects. The principles and theories governing the generation of wavelength tunable 
pulses by dispersion tuning scheme will also be introduced. 
Different kind of signal processing is demonstrated based on the optical non-linearity 
effect. The converted signal is obtained from the induced phase shift with the control 
of relative time delay between the signals. 
Generation of single wavelength tunable pulses from harmonically mode-locked fiber 
laser basing on dispersion tuning is demonstrated. The switching is achieved by using 
non-linear optical loop mirror (NOLM) incorporate the non-linearity of 
semiconductor optical amplifier (SOA). 
In this chapter, Section 2.1 is devoted to an introduction of optical non-linearity and 
details the principle of two main non-linear effects, self-phase modulation (SPM) and 
cross-phase modulation (XPM). Section 2.2 explains the basic principle of dispersion 
tuning in different strength of dispersion cavity. The operation of NOLM 
incorporated with SOA for wavelength selection is also described in this section. 
Section 2.3 presents the basic idea of the double-pass dispersion-shifted fiber (DSF) 
based on SPM. 
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2.1 Optical non-linearity 
Ik 
The refractive index of optical fiber slightly depends on the electric field intensity of 
the optical signal passing through the fiber. The general expression for the refractive 
p index n of silica includes a constant term Hq and an intensity dependent term n^ , 
^eff 
where n^ is know as third-order refractive index. 
P n = (2.1) 
�f f 
where no is the refractive index of the fiber core at low optical power levels, ni is the 
non-linear refractive index coefficient, P is the optical power in Watts, Aeff is the 
effective area of the fiber core in square meters [1]. Note that the electric field 
intensity varies in time with the transmitted pulse stream. It induces intensity 
dependent modulation of the refractive index, and hence modulation of the phase of 
the transmitted pulse stream. 
For a dispersion-shifted fiber (DSF), the typical value of Aeff is 46 [im^ and ？i^ is 
2.5x10-20 m^AV. Therefore, the non-linear coefficient, of DSF can be calculated, 
2.5x10-20 =5 4 3 x i o - i o � i �4 6 x 1 0 - 1 2 
It can be shown that high intensities are required to make the intensity dependent term 
comparable to the constant one. Non-linearities can occur at reasonable powers of few 
dBm in the fiber because of large distances and small effective core area. 
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Phase modulation due to intensity dependent refractive index induces various non-
linear effects. This thesis focuses on two main type of non-linearity, which are self-
phase modulation (SPM) and cross-phase modulation (XPM). 
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2.1.1 Self-phase modulation (SPM) 
By the non-linear effect, the refractive index of optical fiber experienced by a pulse of 
light varies depending on the point within the pulse that the refractive index is 
experienced. At different points within a single pulse of light in the fiber the refractive 
index of the fiber is different. Therefore, there is a small difference between the 
refractive indices at the leading edge, at the trailing edge and in the middle. This 
changes the phase of the lightwaves that make up the pulse. Changes in phase amount 
to changes in frequency. 
The self-induced phase shift 识肌 experienced by an optical field can be expressed by: 
(2.2) 
/t �f f 
where P is optical power, A时 is the effective fiber core area, and X is the wavelength 
of the signal [1]. The effective fiber length L时 determines the distance where non-
linear effects are stronger. The L欢 is given as: 
\ _ -cxl\ (2.3) 
切 a 
where L is the fiber length, a is the fiber attenuation coefficient in neper/km [1]. The 
experiments explained in this thesis, the length of DSF is 10.48 km and the loss is 
about 0.25 dB/km, which are measured by OTDR. 
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Then, the value of a is: 
(p.] lOlog =0.25 
� 
么 1.059 Po 
If P. =1, P�= 0.944， ••• a = 0.0599neper/km. 
^ Lff = ^ — — = i n % h n 
万 a 
SPM interacts with the chromatic dispersion in the fiber to change the rate at which 
the pulse broadens as it travels down the fiber. Whereas increasing the fiber 
dispersion will increase the impact of SPM. The power at the rising edge of an optical 
pulse changes the refractive index of the fiber seen at the middle of the optical pulse. 
And, similarly the middle of the optical pulse changes the refractive index seen at the 
falling edge of the optical pulse. As the refractive index governs the speed at which 
light travels in the fiber, the front, middle and rear portions of the pulse travel at 
different velocities. Thus, SPM causes compression in the pulse. 
DSF 
� s n ^ cOs + Aco 
A _ _ _ ^ ^ J L 
Fig. 2.1 Schematic illustration of optical pulse compression in an optical fiber by self-
phase modulation 
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SPM also occurs inside the semiconductor optical amplifier (SOA). When an optical 
pulse propagates in SOA, it causes carrier density changes as a result of gain 
saturation invariably lead to relatively large changes in the refractive index. Because 
of he finite carrier lifetime, the leading edge of the pulse experiences a different phase 
shift relative to the trailing edge. This SPM will lead to pulse spectrum shifting to the 
red side. The spectral shift depends on the input pulse power and the amplifier gain. 
SPM acts as a source of spectral broadening occurring as a result of index non-
linearities induced by gain saturation. 
/ 
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2.1.2 Cross-phase modulation (XPM) 
When two or more optical waves co-propagate inside a fiber, they interact with each 
other through the fiber non-linearity. This provides a coupling between the incident 
waves through the phenomenon called cross-phase modulation (XPM). XPM occurs 
because of the effective refractive index of a wave depends not only on the intensity 
of that wave but also on the intensity of the co-propagating wave. The non-linear 
phase shift for the jth channel depends on the power of that and other channels and is 
given by: 
(2.4) 
八八eff \ 乂 
where Pj is the channel power and m is the total number of channels [1]. The factor 2 
indicates that XPM is twice as effective as SPM for the same amount of power. Like 
SPM, XPM manifests as an alteration of the optical phase of a channel. XPM effect 
does not involve any power transfer between signals. XPM is always accompanied by 
SPM. 
入c 
control c = > 
f ^ DSF signal out 
J 3 dB BPF 
— r coupler 
signal in ‘ ^ 
K 
Fig. 2.2 Schematic illustration of spectral broadening of an input signal by XPM in 
DSF. 
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For a negligible group velocity mismatch, XPM causes the pulse spectrum to broaden 
more than expected from SPM alone. The spectrum of a weak input pulse can be 
affected by XPM generated by a strong co-propagating control pulse. If the input 
pulse enters the non-linear medium after the control and has just time to catch up with 
the control pulse, the spectrum of input signal is shifted and broadened by XPM. The 
input pulse is blue shifted because it is modulated only by the trailing edge of the 
faster control pulse. The intensity of control pulse decreases in time at the trailing 
edge of the control pulse and the refractive index experienced by the signal will 
decrease. By - , the group velocity of the signal will increase and therefore the signal n 
Control pulse, 
Leading edge^v 丁卩日⑴叩 edge 
‘ ^ 汽 Signal pulse, X^ 
J V ^ — � � . . . , \ I I I I I I 
J ^ 歡 Red shift 
I I I I I I I I 
l | K Blue shift 
I I 
At 
Fig. 2.3 Schematic diagram of different XPM-induced phase shift depends on the 
relative time delay between the control and signal pulses. 
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will be shift towards shorter wavelength side (blue shift). The XPM broadening 
becomes symmetrical when the control pulse not only catches up with but also to pass 
partially through the signal pulse due to the pulse walk-off. Therefore, it is important 
to control the relative time delay (At) between the control and input signal in order to 
obtain the most XPM-induced broadened optical spectrum. 
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2.2 Principle of dispersion tuning 
The schematic illustration of dispersion tuning is shown in Fig. 2.4. Consider a 
dispersive medium is placed in a fiber ring. Owing to the group velocity dispersion 
(GVD) provided by the dispersion medium, the wavelength components in the pulses 
are temporally separated and different spectral components will have different round-
trip propagating times. Only the wavelength component satisfied the modulating 
condition of the modulator could be propagated inside the ring. Thus, by adjusting the 
modulation frequency of the modulator, a corresponding tuning of output wavelength 
can be achieved. 
入1 
Xn dispersive H H H ^ ^ medium 
丄 • 
入1 入2 入3 入n 
JUULJL 
^ s • 
八 modulator ] ^ ^ ^ 
J frequency 
synthesizer 
Fig. 2.4 Schematic illustration of dispersion tuning. 
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The scheme of dispersion tuning will be applied in our mode-locked fiber ring laser 
for generating wavelength tunable pulses and will be discussed in the next section. 
Consider the schematic illustration of wavelength selection shown in Fig. 2.4. A 
multi-wavelength optical pulse train is launched into a dispersive medium. Because of 
different group velocity dispersion inside the dispersive medium, the wavelength 
components are temporally separated and pass through the time gating device. By 
adjusting the relative time delay between the optical signal and the gating signal, 
different wavelength component can be gated out. 
However, the number of wavelength component gating out depends on the dispersive 
strength of the applied medium. Consider a pulse train containing two wavelength 
components, X\ and 入2’ pass through two dispersive mediums with different dispersive 
strength. If the wavelength difference between two wavelength components is 从 
then the temporal separation can be expressed by: 
M = A/ID (2.5) 
where D is the dispersion provided by the dispersive medium. 
In Fig. 2.5, it can be shown that there is no overlapping of wavelength component 
after propagating through a dispersive medium with weak dispersive strength. Thus, 
only one wavelength component can be selected by the time gating device. For a 
sufficient strong dispersive strength or high repetition frequency, the fast wavelength 
component catches up the slow ones in the preceding pulse. The wavelength 
separation A入 can be described by: 
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AA = - (2.6) D 
where T is the period of the driving RF signal and D is the total dispersion provided 
by the dispersive medium. In this case, more than one wavelength component can be 
selected and multi-wavelength generation can be achieved. 
The linewidth of the selected wavelength depends on the width of the gating window 
and the dispersion provided by the dispersive medium. Assume the gating window 
with an ideal pulse shape, the linewidth of the selected wavelength at 3-dB loss can be 
： 
入1入2 I入1入2 
1 1 weak dispersive time gatin| A A 
^ ^ medium de^ce j ~ 
X2 ^ 
J[_)L I 入 1 入 1 
— —•、..I - 入2 
strong dispersive ^ ^ ^ ^ e gating 八 八 
medium j device j ^ ^ ^ 八 





Fig. 2.5 Temporally separated of multi-wavelength components in different dispersive 
medium 
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approximated by Eq. (2.6) with T equal to the width of the gating windows. The 
gating window can be provided by any opto-electronic device such as intensity 
modulator. It can also be provided by an ail-optically controlled device, 
semiconductor optical amplifier (SOA) in nonlinear optical loop mirror (NOLM), 
which will be discussed in next section. 
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2.2.1 Nonlinear optical loop mirror (NOLM) incorporated with SOA 
An electro-optic modulator can be applied as a time gating device. However, the 
electro-optic conversions will limit the transmission bandwidth. To improve the 
efficiency on transmission bandwidth of the optical fiber, another all-optical gating 
device, the nonlinear optical loop mirror (NOLM) is used in all-optical network. 
Owing to its low control pulse energy and compactness, NOLM has been considered 
as a good candidate for a high-speed demultiplexer in an optical time-domain 
multiplexed (OTDM) system. 
Fig 2.6 shows the configuration of the all-optical switching using NOLM 




^ ^ A x 1 
/ Control pulses 
Input signal pulses ^ ^ ^ Switched out signal 
(Port 2)入s coJpter pulses (Port 3) 
Fig. 2.6 Configuration of all-optical switching using NOLM. WDM: wavelength 
division multiplexer; PC: polarization controller; NLE: nonlinear element. 
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of wavelength selection or switching is cross phase modulation (XPM). NLM is 
placed asymmetrically within the fiber loop in such a way that it is placed slightly 
offset from the midpoint of the loop. 
Consider the situation in which an input signal pulse (入s) is launched into the loop via 
port 2 of a 3 dB coupler and is split into two pulses in the loop: a clockwise 
propagating pulse and counter-clockwise propagating pulse. These pulses arrive at the 
NLE at different times which can be determined by the offset Ax from the midpoint of 
the loop. A control pulse (kc) is injected into the loop via the WDM and is utilized to 
deplete carriers in the NLE causing changes of gain and refractive index. The control 
pulse will arrive after the clockwise propagating signal pulse and before the counter-
clockwise propagating pulse. The two signal pulses experience difference refractive 
index altered by the control pulse so that a large phase difference will be induced 
between two signal pulses. If the control pulse imparts a relative phase of n to the two 
signal pulses, they interfere destructively at port 2 of the coupler, and emerge from 
port 3. 
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r ~ r I 
I Control pulse 
(b) \  
： G a i n of SOA • 
• • 
r • 
(C) ~ • 
Clockwise 
propagating pulse 
(d) — I 
I Counter-clockwise 
II propagating pulse 
Fig. 2.7 (a) Control pulse; (b) optical gain of SOA in response to a control pulse (a); 
(c) clockwise propagating pulse arrived SOA before control pulse: (d) 
counter-clockwise propagating pulse arrived SOA after control pulse. 
Based on the fiber non-linearity, NOLM provides fast response time, which enables 
ultra-fast signal processing. However, it needs long fiber lengths and large optical 
powers. Walk-off effect between the optical control and the optical signal is another 
problem encountered using fiber as nonlinear element. Instead of using long optical 
fiber as the nonlinear element, a semiconductor optical amplifier (SOA) is utilized in 
a loop mirror to induce XPM in order to minimize the problems. Its operation does 
not depend on the optical non-linearity of the fiber but depends on the optical non-
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linearity of SOA in the fiber loop. This device is more compact and the required 
optical power is lower than using optical fiber. A control pulse (入c) is injected into the 
loop such that it saturates the SOA. If the signal pulse is injected into the loop such 
that its clockwise propagating component pulse arrives at the SOA shortly before the 
control pulse and its counter-clockwise propagating component pulse traverses the 
SOA after the control pulse, the gain for two signal pulses will be different. When the 
two pulses arrive back at the 3 dB coupler, they interfere and are switched to the 
device output. The switching window width of this device is determined by the 
position deviation of the SOA in the fiber loop. The temporal switching window, 
TsMg can be expressed as: 
T - 生 r ? 7 、 
i switching ~ 、 丄 ) 
where AJC is the asymmetric offset of the SOA from the midpoint of the fiber loop and 
V is the speed of light. One important condition is the gain recovery time of SOA 
must be longer than the switching window. If the eccentricity AJC is small compared to 
the gain recovery time, very short switching pulses can be obtained [2]. SOA in the 
nonlinear optical loop mirror is an all-optical switching device and behaves as an 
optical modulator in this thesis. 
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2.2.2 Principle of compensated dispersion tuning in harmonically 
mode-locked fiber ring 
Dispersion tuning offers a relatively simple and efficient means to select a wavelength 
component of the mode-locked optical pulses. However, wavelength tuning must be 
accomplished by changing the repetition frequency or by changing the length of the 
fiber cavity. A modified scheme that depends on the compensated dispersion 
approach eliminates the limitation on the change in the repetition frequency during the 
tuning process. Fig. 2.8 shows the schematic illustration of compensated dispersion 
tuning. The two modulators are driven at the same repetition frequency. By placing 
appropriate fibers between the modulators, part of the cavity is made positively 
dispersed and the other part is made negatively dispersed. 
入1 入1 • • • • 
Xn Xn (入1〈入 n) 
L X _ , , 
Multi-wavelength + ve 入n 
[7 口 r ^ i I i 
A A HH；) modulator 1 modulator 2 i n 
• i\ . U V f t f i i J_ i i 
T V - v e J M f M 
• ^ ~ dispersion 丨‘'i i.! medium J j _ ^ ^ 
(equal and opposite) 
Fig. 2.8 The schematic illustration of compensated dispersion tuning. 
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With the technique of compensated dispersion tuning, wavelength tunable optical 
pulse can be generated from a harmonically mode-locked fiber laser. Fig. 2.9 shows 
the schematic illustration of compensated dispersion tuning in harmonically mode-
locked fiber laser. As described in section 2.2.1, the NOLM incorporated with SOA 
can be utilized as an all-optical modulator. Owing to GVD provided by dispersion 
compensating fiber (DCF), different wavelength components are temporally separated 
入 control 
1 ) 
0 - \ 
入 1 SMF A ^ ^ ^ i l 
>vn modulator EDFA 广 飞 
s — — 4 — L J J 
Fig. 2.9 Schematic illustration of the generation of wavelength tunable pulses by 
compensated dispersion tuning in harmonically mode-locked fiber ring. 
DFB: Distributed feedback laser diode, EDFA: Erbium doped fiber 
amplifier, PC: Polarization controller. 
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and then launched to the all-optical modulator, NOLM. The all-optical modulator 
provides a narrow switching window to select a wavelength component. The total 
cavity dispersion is close to zero in order to ensure different wavelength components 
will have the same cavity round trip propagation time. The normal dispersion 
provided by the DCF is roughly balanced by the anomalous dispersion in the SMF 
over the wavelength tuning range. Wavelength tuning is achieved by controlling the 
relative time delay between the DFB control pulses and the mode-locked pulses. An 
erbium-doped fiber amplifier (EDFA) provides the cavity gain to the ring laser. 
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2.3 Principle of Double-pass dispersion-shifted fiber (DSF) based on 
SPM 
Fig. 2.10 shows the schematic illustration of the double-pass DSF based on SPM. The 
setup is composed by two optical circulators, a piece of fiber and two optical 
bandpass filter (BPF 1 & BPF 2). An optical pulse at wavelength 入i is launched 
through an optical circulator to a DSF. The DSF is used to impose a phase modulation 
onto the input signal by SPM. The configuration uses two circulators (OC 1 and OC 
2) to allow optical pulses to propagate twice through the DSF in opposite directions. 
BPF 1 and an optical amplifier EDFA are added in the re-circulating loop. BPF 1 is 
BPF 2 I 奈 I • ‘ BPF1 1 ^ 1 ， , 
• I • I I V 
入 2 V ^ J + a 
Output I ^ ^ A 
J L �[_ 
入1 < 入 2 
Fig. 2.10 Schematic illustration of double-pass DSF based on SPM for optical pulse 
compression 
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used to filter out the SPM-induced broadened spectrum after initial propagation of the 
pulse in the DSF. As the leading edge of the pulse generates new frequency 
components towards the red side and BPF filters the slightly longer wavelength side 
with respect to the original signal (入i+ AX). The optical pulses then pass through the 
DSF again to impose further phase modulation, which induce more new frequency 
components. BPF 2 is placed at the output port of OC 1 to again filter out the signal at 
the wavelength of 入2 (入i< 入2) from the broadened part of the spectrum. Optical pulse 
passing the DSF twice enables the input signal inducing more spectral broadening and 
more new frequency components. 
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3 PRELIMINARY EXPERIMENTAL STUDIES ON 
SPECTRAL BROADENING IN SEMICONDUCTOR 
OPTICAL AMPLIFIERS AND DISPERSION-
SHIFTED FIBER BY CROSS-PHASE MODULATION 
Semiconductor optical amplifier (SOA) and dispersion-shifted fiber (DSF) are the 
most desirable phase conjugators for optical fiber communications. In this chapter, 
cross-phase modulation (XPM) between the two propagating pulses in a SOA and a 
DSF are demonstrated. The results show the effect of spectral broadening in both 
cases. The input pulses are compressed because of the frequency chirp imposed on it 
by the non-linear medium. By spectral filtering of chirped signal, the compressed 
output pulses are obtained. 
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3.1 XPM in SOA 
In this section, XPM between two optical pulses in SOA is demonstrated to study the 
degree of frequency chirp. One of the waves experiences the full gain of the amplifier. 
This wave will be referred to as the control pulses. If the control pulses possess a 
large enough peak power, then gain saturation occurs and the gain and carrier density 
in active region of SOA decreases with time. The carrier dependence of the refractive 
index is responsible for modulating the phase of the control pulse and will cause 
phase modulation of another signal pulse. Ideally the signal pulse is quite low in 
power and experiences low gain so as not to affect the carrier population. An 
important point is that XPM-induced chirp experienced by the signal pulse is 
dependent on the power and time delay of the control pulse with respect to the signal 
P C 1 e d f a 
[ E T B l h - ^ 3 d B 
\ coupler 
P C 2 J 
D F B 2 Q Q Q 乂 
< ~ \ < — I ~ SOA ~ Q O d y 
I I P C 3 
gpp isolator 
Fig. 3.1 Experimental setup for XPM in SOA. DFB: distrihuted-feedback laser 
diode; PC: polarization controller; EDFA: erbium-doped fiber amplifier; 
SOA: semiconductor optical amplifier; BPF: bandpass filter. 
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pulse. Therefore, the degree of frequency chirping will be arisen by the variation of 
either parameter as well as the properties of the pump pulse. Fig. 3.1 shows the 
experimental setup. A gain-switched distributed-feedback (DFB 1) laser operating at 
1547.35 nm is used a source of control pulses. It emits a pulse train at a repetition rate 
of 2.5 GHz with pulse width of 21 ps. Another gain-switched DFB laser (DFB 2) 
operates at 1550.98 nm. They are then combined by a 3 dB coupler. The polarization 
controllers (PCs) are used to align the polarization of the input waves. The bias 
current of SOA is set at 196mA with a saturation gain about 9 dB. SOA is the key 
element to impose phase modulation on the input signal by XPM. The refractive index 
changes induced by the control pulses and are experienced by the input pulses. Also, 
frequency chirp and spectral broadening are thereby induced solely through XPM. An 
optical bandpass filter (BPF) is used to select the generated side band and remove the 
original data signals. 
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Fig. 3.2 shows the optical spectra at different positions in the experimental setup. The 
dashed line shows the spectrum obtained after 3 dB coupler. The solid line is the 
spectrum obtained after the SOA. It is observed that the spectral peaks associated 
with both the control and the input signal are broadened. The broadening in DFB 
pump peak is caused by the SPM and XPM in the DSF, while that of the input signal 
is due to XPM induced by the control pulse. The dotted line shows the filtered XPM 
broadened spectrum with a peak wavelength of 1550.75 nm, which is about 0.25 nm 
away from the input signal wavelength. 
互 After 3dB coupler 
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Fig, 3.2 Optical spectra measured after 3 dB coupler, after SOA, and filtered output. 
The center wavelengths of the input and control signals are 1550.98 and 
1547.35 nm, respectively. 
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The pulse train of the 2.5 GHz input signal and the output signal are shown in Fig. 
3.3(a) and Fig. 3.3(b) respectively. The pulse width is compressed from 55 ps to 29 ps 
after XPM. 
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Fig. 3.3 Pulse train of (a) input signal (b) the filtered output signal 
Shorter output signal pulse width can be obtained which depends on the pump pulse 
width and the power for a given chirp gain of the SOA. This means a larger control 
pulse width will produce relatively broader output signal pulse width. Furthermore, 
longer pump pulse width dampens the amplification factor, which results from the 
reduced non-linear gain compression effect due to a longer optical pulse width. 
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3.2 XPM in DSF 
In the previous section, we demonstrated XPM-induced spectral broadening in SOA. 
In order to compare the experimental performance, XPM between two optical pulses 
in DSF is demonstrated in this section. The basic principle of XPM in optical fiber has 
been briefly explained in the previous chapter. Fig. 3.4 shows another experimental 
setup. The experimental setup is identical to the one in previous section except SOA 
is replaced by a 10 km DSF and an erbium-doped fiber amplifier is placed in front of 
DSF. DFB 2 generates the input pulses at the wavelength of 1550.98 nm. 
PC1 EDFA1 
^ ^ 3 d B 
\ coupler 
PC 2 J 
T F i T ] ~ Q Q Q 乂 
^ _ _ � ‘ _ Q Q Q > 
10 km ^ ^ PC 3 
BPF DSF 
Fig. 3.4 Experimental setup for XPM in DSF. 
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Fig. 3.5 shows the optical spectra at different positions in the experimental setup. It 
can be observed the spectrum after DSF is broader than the case in SOA. The dotted 
line shows the filtered XPM broadened spectrum with a peak wavelength of 1549.85 
nm, which is about 0.64 nm away from the input signal wavelength. 
After 3 dB coupler 
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Fig. 3.5 Optical spectra measured after 3 dB coupler, after DSF, and filtered output. 
The center wavelengths of the input and control signals are 1550.49 and 
1547.11 nm, respectively. 
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The pulse train of the 2.5 GHz input signal and the output signal are shown in Fig. 
3.6(a) and Fig. 3.6(b) respectively. The pulse width is compressed from 57 ps to 23 ps 
after X P M . 
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3.3 Comparison in XPM performance between SOA and DSF 
By comparing experimental results, it can be observed the XPM-induced spectral 
broadening in DSF is much more obvious than that in SOA and using DSF shows a 
much better performance. The wavelength of the filtered output signal is less away 
from the original input signal but the output pulse train still shows the pulse 
compression performance. The less frequency chirp in SOA is due to low saturation 
gain and high noise figure in SOA. Although SOA is compact in size, it needs precise 
parameter or higher gain to improve the performance in direct XPM. The refractive 
index change in SOA is due to the change in carrier density, which leads to the phase 
change on the input signal. Therefore, XPM-induced phase modulation in SOA is 
limited by its gain recovery time. A higher input power could be employed in the 
DSF-based phase modulator, which it gives a superior performance without distortion. 
Another advantage of this DSF-based approach is the potential to operate at high-bit-
rates and over a wide range of wavelengths. Therefore, DSF is employed as the phase 
modulator in the following direct X P M experiments in order to get better results. 
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4 HARMONICALLY MODE-LOCKED FIBER LASER 
WITH AN OPTICALLY SELECTABLE 
WAVELENGTH 
We demonstrate optical selection of wavelength in a harmonically mode-locked fiber 
laser that incorporates a semiconductor optical amplifier nonlinear fiber loop. 
Wavelength tuning is achieved by controlling the delay time between the modulation 
and the control signals in the compensated dispersion-tuning scheme. A tuning range 
over 19 nm is obtained. The power suppression of non-lasing modes reaches a 
maximum of 34 dB. The output wavelength and the delay time are governed by a 
linear relationship. 
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4.1 Introduction to wavelength tunable pulse generation and basic 
idea 
Wavelength tuning of fiber lasers is important in both optical communications and 
optical sensing. In recent years, different tuning schemes and stabilization approaches 
have been developed [1-4]. Among the schemes, dispersion-tuning [3] offers a 
relatively simple and efficient means to select the center wavelength of the mode-
locked optical pulses. A modified scheme that depends on the compensated 
dispersion approach [5, 6] further eliminates the limitation on the change in the 
repetition frequency during the tuning process. Since the tuning is electrically 
controlled and does not involve any mechanical moving part, the output is 
intrinsically stable and the tuning is of potential high speed. These favorable 
characteristics are important for applications such as swept wavelength measurements 
of fiber-optic components and devices [7]. 
In this work, we investigate the use of an optical pulse signal to control the output 
wavelength in the compensated dispersion-tuning scheme. Such an alternative 
approach allows remote control of a fiber laser at a high repetition rate, and is of 
particular interest for use in future all-optical networks. An added advantage is that 
the tuning can be achieved by adjusting either the optical delay time or the electrical 
delay time, thus providing increased flexibility to simplify the electronic circuits and 
to reduce equipment cost. To establish non-linear optical control of wavelength 
tuning, we incorporate a terahertz optical asymmetric demultiplexer (TOAD) device 
[8] in the fiber cavity. The T O A D device consists of a semiconductor optical 
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amplifier (SOA) placed asymmetrically in a fiber loop mirror and serves as a 
nonlinear switching element. Distinct advantages of the device include its relatively 
small size, fast response, large optical bandwidth, low loss, and an easily adjustable 
switching window. In our setup, harmonically mode-locked pulses are obtained over 
a wavelength tuning range of 19 nm with a suppression ratio (power ratio between the 
lasing wavelength and the background peak) as high as 34 dB. The tuning has been 
performed at a fixed mode-locking frequency of 1 GHz. 
50 
New Approaches for laser pulse generation and signal processing. • • CHAPTER 2 
4.2 Experimental details 
The experimental setup is shown in Fig.4.1. A RF signal synthesizer is used to 
generate a 1 GHz signal that is divided into two branches. One branch is electrically 
amplified and is used to drive a LiNbOs intensity modulator in the cavity. Harmonic 
mode locking is achieved by modulating the optical loss at the RF frequency of about 
1 GHz which is chosen to be an integer multiple of the cavity fundamental frequency. 
The optical gain is provided by a commercial, uni-directional, erbium-doped fiber 
amplifier (EDFA) in the cavity. A pump current of 432 m W is used and the pump 
power is in the order of hundreds of milliwatts. The optical pulses that transmit 
, , e V T ^ " ^ 
pulse generator \ 
, with tunable dFB ~ O O P •乂 ^ j 
r electrical delay ~ — ^ V ^ j 
r\ O 
RF \J ^ output H-
synthesizer amplifier 人 isolator ” 
( m ^ � modulator 
^ ^ SMF 
丁 EDFA LCFG 
V n o n ^ L j [ 111^ 
Fig. 4.1 Experimental setup of the optically-controlled wavelength-tunable fiber 
laser. DFB: distributed feedback laser diode; PC: polarization controller; SOA: 
semiconductor optical amplifier; LCFG: linear chirped fiber grating; SMF: standard 
single-mode fiber; EDFA: erbium doped fiber amplifier; DCF: dispersion-
compensating fiber. 
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through the intensity modulator are fed into 500 m dispersion compensating fiber 
(DCF). Owing to the presence of group velocity dispersion at 45 ps/nm, the different 
wavelength components in the pulses are temporally separated. The dispersed pulses 
are then directed to a non-linear T O A D device for optical selection of the wavelength. 
The maximum fiber-to-fiber gain of the 1.5 [im SOA is 25 dB, with 9 dBm saturation 
output power. In our experiment, the SOA drive current is set at 55 m A to provide a 
relatively small gain of 4 dB, The driving condition is found to optimize the switching 
contrast of the T O A D device. An EDFA is, therefore, necessary to compensate for the 
loss in the cavity. It is worth mentioning that the pump currents of EDFA and the 
SOA are kept unchanged during the wavelength tuning process. 
The other branch of the RF signal is used to trigger a pulse generator with a tunable 
electrical delay module. The output is used to gain-switch a distributed-feedback 
(DFB) laser diode at 1548.7 nm. The output pulses have a width of 42 ps and a peak 
power of 9.8mW. They are coupled into the nonlinear SOA loop mirror and serve as 
pump pulses to control the switching of the mode-locked laser pulses in the loop. 
Initially, the loop mirror is set to the fully reflecting mode by adjusting the intraloop 
polarization controller. With the application of the pump pulses, the gain of the SOA 
will saturate and the following signal pulses will experience a phase change 
determined by the line width enhancement factor. The mode-locked pulses 
propagating in the counter-clockwise direction will arrive at the SOA before it is 
saturated whereas those in the clockwise propagating branch will reach the SOA after 
its saturation. Hence, the pulses propagating in the opposite directions will experience 
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different phase shifts. When the pulses are combined again at the output ports of the 3 
dB coupler, they will interfere constructively at the transmission port for circulation in 
the fiber laser ring. The cross-phase modulation introduced by the slightly asymmetric 
pump pulses will have an effect on the shape of the switching window. Hence, the 
spectral shape of the output is not perfectly symmetric, resulting in a frequency chirp. 
On the other hand, the switching window of 80 ps adopted in our experiment is of an 
order of magnitude shorter than the SOA gain recovery time. The recovery should 
then have a negligible effect on the shape of the window. 
The width of the switching window depends on the position offset of the SOA from 
the center of the fiber loop. The role of the window is to control the width of the 
dispersed pulse switched to the output port. It thus has effect on the pulse width and 
the spectral width of the output. In the laser, all modes for which the gain is higher 
than the round-trip loss start to grow from the spontaneous noise generated in the 
erbium-doped fiber. Owing to the filtering effect of the switching window in the 
TOAD, the number of output modes is limited. By adjusting the width of the 
switching window, the range can be set to a desired value. 
Wavelength tuning is achieved by controlling the delay time between the arrival of 
the control pulses and the dispersed mode-locked pulses at the SOA. In our setup, the 
time delay module is integrated into the pulse generator. Only those wavelength 
components that fall within the switching window of the T O A D can be successfully 
switched to the transmission port, thus allowing tuning of the laser. An isolator and a 
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chirped fiber grating of 0.58 nm bandwidth are used together to remove the clockwise 
propagating pump pulses in the cavity. The counter-clockwise branch is stopped by an 
optical isolator placed in the uni-directional EDFA. After passing through the isolator 
and the fiber grating, the mode-locked pulses propagate through 2670 m standard 
single mode fiber (SMF) before returning to the intensity modulator. The normal 
dispersion provided by the DCF is roughly balanced by the anomalous dispersion in 
the SMF over the wavelength tuning range. Hence, the dispersed pulses are 
compressed again. The different wavelength components have very close round-trip 
propagation times and tuning can be achieved at a constant mode-locking frequency. 
Using an output coupler, the laser output is set to be 30 % of the cavity power. The 
pulses are characterized using a 32 GHz photo-detector and a digital sampling 
oscilloscope. Optical spectrum measurements are performed using an analyzer with a 
0.8 nm maximum resolution. 
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4.3 Results and Discussions 
Fig. 4.2(a) shows some samples of the output spectra. In our setup, the wavelength 
has been successfully tuned from 1542.8 to 1562.3 nm over a range of 19.5 nm. Most 
of the outputs have a suppression ratio over 20 dB. The subsidiary peak at 1548 nm is 
caused by optical power of the DFB laser that leaks through the fiber grating. In 
principle, by choosing the wavelength of the DFB laser and the fiber grating away 
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Fig. 4.2 (a) Samples of the output spectra obtained within the tuning range, (b) The 
corresponding optical pulse trains. 
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from the tuning range, the peak can be eliminated. Fig. 4.2(b) shows the 
corresponding pulse trains at 1 GHz. The measured widths are between 30 and 40 ps. 
As the output is tuned toward the longer wavelength side, the power gradually 
decreases. The limitation is mainly caused by a slightly different optical length of the 
cavity for long-wavelength components, thus resulting in nonperfect mode locking of 
the pulses. 
The measured linewidth ranges from 0.1 to 0.3 nm. The relatively large variation is 
caused by the wavelength dependence of the light polarization together with the fact 
that the T O A D switching device is polarization sensitive. Before entering the TOAD, 
the pulses are estimated to be broadened to about 40 to 50 ps. These values are 
slightly smaller than the switching window of 80 ps, and are attributed to the effect of 
mode locking. Fig. 4.3 plots the relation between the delay time and the output 
wavelength. The delay time is a measure of the time elapsed between the application 
of the modulation signals and the control pulses in the setup. The graph shows a linear 
relation with a slope of 21 nm/ns. The result is consistent with the expected value 22 
nm/ns derived from the group velocity dispersions of the DCF and SMF used in the 
experiment. 
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Fig, 4.3 Relation between the delay time and the selected wavelength across the 
tuning range. The linear plot has a negative slope of 21 ns/nm. 
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Fig. 4.4 Variations of the suppression ratio and the peak power across the wavelength 
tuning range. 
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The wavelength dependences of the suppression ratio and the peak power are depicted 
in Fig. 4.4. The suppression ratio varies between 10.9 and 34.1 dB across the tuning 
range. The peak is located at 1547.0 nm. The optical power also peaks at the same 
wavelength with a value of 6 m W . Very similar shapes of the profiles are observed for 
the suppression ratio and the power. The wavelength dependences are governed by 
the spectral gain of EDFA, as well as the wavelength-dependent cavity round-trip 
time caused by incomplete cancellation of the group velocity dispersions in the DCF 
and SMF. It is interesting to note that the peak wavelength is only 1.7 nm away from 
the DFB pump wavelength of 1548.7 nm. W e believe that the closeness in wavelength 
is just a coincidence. The chirped grating has a narrow bandwidth of 0.58 nm and is 
centered at the DFB wavelength. It should have a negligible influence on other 
wavelength components. In addition, the residual DFB power is smaller than the 
output power by over 30 dB, as shown in Fig. 4.2(a). Hence, its effect should be 
minimal. 
Taking into account 4-dB insertion loss of the DCF and the fan-out loss of the 
couplers, the incident signal power to the SOA ranges from 0.14 to 1.4 m W in the 
clockwise branch. The counter-clockwise branch has about twice the corresponding 
values. Compared to the 4.9-mW DFB pump power coupled to the SOA, the signal 
power is relatively weak. 
Fig. 4.5 shows the variation of the measured pulsewidth within the tuning range. The 
width is quite uniform and is close to 30 ps in the short wavelength range. A gradual 
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Fig. 4.5 Wavelength dependence of the output pulse width within the tuning range. 
increase of the width is observed as the wavelength is increased, again indicating that 
the mode-locking condition is not well satisfied. W e believe that by using fiber 
lengths with precisely matched group velocity dispersions, the pulse quality can be 
improved. A typical waveform of the pulses is shown in the inset. It is observed that 
the profile is nearly symmetric. 
The frequency linewidth ranges from 0.1 to 0.3 nm and the time-bandwidth product 
varies from 0.3 to 1.1 over the tuning range. In general, the pulses experience a 
stronger chirp when the laser is operated away from the optimized wavelength. In 
principle, the chirp can be compensated using an appropriate chirped fiber grating 
placed at the output port. 
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In our experiment, the output is relatively sensitive to temperature changes in the 
environment. The instability is caused by changes in the length of the fiber cavity and 
the light polarization. The problem can be solved by replacing the DCF and the SMF 
with a single piece of chirped fiber grating [6]. With the modification, the cavity can 
be shortened to a few meters and a faster tuning speed of the output wavelength can 
also be expected. 
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4.4 Conclusion 
In conclusion, a new scheme of compensated dispersion-tuning of wavelength is 
reported for a harmonically mode-locked fiber laser. A SOA non-linear loop mirror is 
used as an optical switching device to obtain wavelength selection. A 19 nm tuning 
range is achieved with a suppression ratio reaching 34 dB. The output wavelength 
exhibits a linear dependence on the delay time of the control signal. The tuning 
relation is also in good agreement with the calculated value. 
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5 SPECTRAL BROADENING BY CROSS-PHASE 
MODULATION IN A DISPERSION-SHIFTED FIBER 
FOR WAVELENGTH CONVERSION 
In this chapter, we demonstrate fiber-based wavelength conversion cross-phase 
modulation (XPM). The continuous wave (CW) signal is spectrally broadened to 
generate two sidebands by X P M from the input signal. 2.5 Gb/s RZ data with clear 
and open eye patterns are obtained from optical filtering from the sidebands of local 
C W signal. The nearly instantaneous response of the third order non-linearity in 
optical fiber can allow high-bit-rate operation and practically wavelength-independent 
in all the fiber communications networks. 
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5.1 Overview of wavelength conversion 
In ultra-high-speed wavelength-division multiplexed networks, all-optical wavelength 
conversion plays an important role for increasing optical transmission bandwidth. 
Different wavelength channels can be switched by add/drop multiplexers and possibly 
optical packet switching techniques. Wavelength converters will be used as a basic 
switching element to increase the flexibility in optical networks. Ultra-high speed 
wavelength conversion based on four-wave mixing in semiconductor optical amplifier 
(SOA) has been demonstrated previously [1]. However, the technique induced 
relatively high intensity noise and polarization sensitive. In addition, the converted 
signal is always inverted to the input signal due to the X G M saturation mechanism 
which increases the complexity in signal processing and communication system cost. 
To improve the signal quality, we have demonstrated a XPM-based scheme to convert 
2.5 Gb/s RZ data. These techniques rely on the presence of another intense control 
pulses to induce X P M on the C W signal. 
In this experiment, we demonstrate optical pulse generation using the nonlinear 
property of a dispersion-shifted fiber (DSF) with subsequent spectral filtering. The 
scheme is that the control pulses are launched into the DSF together with a C W 
signal. Owing to the presence of intense control pulse, the contribution from the non-
linear refractive index through X P M causes a time-dependent phase shift on the 
signal. After suppression of the original C W wavelength, and filtering out one of the 
generated sidebands, the data signal remains at the output. Here we report on the 
variation on output pulse width and average power with the wavelength separation 
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between the control and signal. When the wavelength changes, the optimum operating 
point will change, and the input power would have to be controlled to compensate for 
this. [2] 
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5.2 Description of experimental setup 
Fig. 5.1 shows the experimental setup. A gain-switched distributed-feedback (DFB) 
laser generates 32 ps optical control pulses at a repetition rate of 2.5 GHz at 
wavelength of 1547 nm. 2.5 Gb/s pseudo random bit sequence (PRBS) data of length 
231-1 is encoded on these pulses and gives an average power of +1 dBm. The tunable 
laser generates continuous-wave (CW) light at the wavelength of 1552 nm. The 
control pulses and the input signal are combined together using a 3 dB coupler. Both 
2.5 Gbit/s 
PRBS 
control PC ^ PC 
DFB Q Q Q < 〉 Q Q Q 、 
intensity \ 3 dB 
modulator \ coupler 
input signal p 。 J 
tunable QQQ / 
laser 
O E D F A 
� ^ ^ ^ 
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Fig, 5.1 Experimental setup for all-optical wavelength conversion by cross-phase 
modulation in a dispersion-shifted fiber. DFB: distributed-feedback laser 
diode; PC: polarization controller; EDFA: erbium-doped fiber amplifier; 
DSF: dispersion-shifted fiber; BPF: bandpass filter. 
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the control and input signals are amplified by erbium-doped fiber amplifier (EDFA) to 
give average power of +26 dBm. The amplified signals are launched into a 10 km of 
DSF with a zero dispersion wavelength at 1550 nm and a dispersion slope of 
0.067ps/nm^/km to impose a phase modulation onto the C W light by X P M in the 
fiber. This phase modulation is then converted to amplitude modulation by a filter 
arrangement. A tunable optical bandpass filter (BPF) with 3 dB bandwidth of 0.5 nm 
is placed after DSF to select one of the generated side bands of C W light. The output 
signal is investigated using a 32-GHz photo detector on a digital sampling 
oscilloscope. Optical spectrum measurements are performed using an analyzer with a 
0.08 nm resolution. 
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5.3 Optical spectral analysis and eye patterns 
Fig. 5.2 shows the optical spectra at different positions in the experimental setup. The 
dashed line shows the spectrum obtained before the pulses enter the EDFA and the 
DSF. The solid line is the spectrum obtained after the DSF. It is observed that the 
spectral peaks associated with both the control and the signal are broadened. The 
input signal generated two sidebands. The broadening in DFB pump peak is caused by 
the SPM X P M in the DSF, while that of the input signal is due to X P M induced by 
the control pulse. The longer wavelength sideband originates from the derivative of 
•—'After 3 dB coupler 
75 八 
8 2。dB 一 A付 erDSF 
0 n^ffWK n •••••••••••Filtered output I 1 I I M i l ^ 
J^? ^ I I I ® • 
0) \ I 11-： 
L _ L I - I I � • 
1540 1545 1550 1555 1560 
Wavelength (nm) 
Fig. 5.2 Optical spectra measured after 3 dB coupler, after the DSF, and after the BPF. 
The center wavelengths of the input signal and control signal are 1547 and 
1552 nm respectively. 
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Fig. 5.3 Eye diagram of (a) the 2.5 Gb/s RZ control signal, (b) the filtered output 
signal at left sideband and (c) the filtered output signal at right sideband. 
the leading edge of the control pulse and the sideband toward shorter wavelengths 
originates from the trailing edge of the pulse. The dotted line shows the filtered X P M 
broadened spectrum with a peak wavelength of 1551.55 nm, which is about 0.52 nm 
away from the input signal wavelength. 
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The eye diagram of the 2.5Gb/s RZ control signal is shown in Fig. 5.3(a). By filtering 
both broadened red and blue side of the input signal, the output eye diagram can be 
obtained. The eye diagrams of the output RZ signal filtered at the left sideband (blue 
side) and right sideband (red side) are shown in Fig. 5.3(b) and Fig. 5.3(c) 
respectively. Widely open and clear eye patterns of the output RZ signals are 
obtained. 
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5.4 Data Analysis 
With the same average input power, the wavelength conversion can be performed 
with input signals at different wavelength by tuning the wavelength of input C W 
signal. Variation of the output pulse width on filtered output wavelength is shown in 
Fig. 5.4. In the case of blue shift, the obtained pulse width of the filtered output varies 
between 23 to 37 ps over the tuning range, while the measured pulsewidth of the 
converted pulses are almost constant at 25 or 26 ps in the red shift side. However, the 
pulse width appears to reach a lower limit after a certain amount of separation. The 
output pulse width also limited by the bandwidth of the optical filter. Ideally, the 
output pulse width should be shorter than the control pulse due to the derivative origin 
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Fig. 5.4 The output pulse width of the wavelength-converted pulses as a function of the 
filtered peak wavelength. 
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of the sideband. Due to optical filtering with limited bandwidth and dispersive walk-
off between the input pulses and the C W light, the output pulses are slightly broader 
than the input. 
When the wavelength separation between the control and the C W light, the input 
power required for maximum output power increases also due to dispersive walk-off. 
The input pulse power is then distributed over a time slice of the C W light, which 
corresponds to this walk-off. The maximum of the transfer function is chosen as the 
operating point. As shown in Fig. 5.5, with the same input power for wavelength 
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Fig. 5.5 Plot of maximum wavelength shift as a function of the input wavelength with 
the same input average power. 
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conversion between the C W signal and the control signal, the frequency chirp at both 
left and right sidebands decrease when the wavelength is changed from 1549 nm to 
1553 nm. This behavior can be explained from the following equation. Neglecting the 
pulse dispersion and optical loss, the frequency shift of the C W light for Gaussian 
pulses can be described by 
A/ - /^ ,L[exp(- {t -J3y)-exp(-,2 
where P.^  is the input power and L the fiber length. The walk off time P and the time 
t are normalized to the Ije half-width of the input pulse. As the wavelength separation 
between the control and input signal increases, the walk off time will also increase. 
This equation shows when P increases, the input power have to increase in order to 
get the same frequency shift [3]. 
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5.5 Conclusion 
W e have observed the generation of optical pulses from a C W tunable laser through 
cross-phase modulation in DSF from a gain-switched DFB laser. An open and clear 
output eye is obtained. Due to the dispersive walk-off between the control and input 
signal, the output pulse width increases as the wavelength separation between the 
signals increases. This approach can be applied in high speed all optical wavelength 
conversion. 
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6 SPECTRAL FILTERING FROM A CROSS-PHASE 
MODULATED SIGNAL FOR ALL-OPTICAL NRZ 
TO RZ FORMAT CONVERSION 
W e have demonstrated a simple technique for all-optical data conversion from non-
retum-to-zero (NRZ) to retum-to-zero (RZ) format. The technique is based on cross-
phase modulation between control pulses and data signals in a dispersion-shifted fiber, 
together with optical filtering from a broadened spectrum. An open eye of the 
converted RZ signal at 2.5 Gb/s is obtained with a power penalty less than 2 dB at 10'^  
bit error rate. 
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6.1 Importance of format conversion 
To increase the fiber transmission capacity, it is important to choose correctly 
between retum-to-zero (RZ) and non-retum-to-zero (NRZ) data formats in the 
communication networks. The main considerations are the limitations in fiber non-
linearities and signal dispersion [1]. While non-retum-to-zero (NRZ) data format 
allows the use of electronics with a smaller bandwidth requirement, retum-to-zero 
(RZ) format can be directly adopted for time-division-multiplexing to increase the 
network throughput. Therefore, conversion between N R Z to RZ is an important 
process for interfacing low-speed networks with high-speed trunk lines. There is an 
increasing interest for data format conversion using ultra-fast all-optical signal 
processing techniques. The common conversion schemes include the use of a 
nonlinear optical loop mirror (NOLM) [2，3], a semiconductor optical amplifier [4]， 
and recently, an integrated semiconductor optical amplifier (SOA) Mach-Zehnder 
interferometer that allows both N R Z to RZ and RZ to N R Z data conversion [5]. 
However, it is difficult to obtain efficient interference from a N O L M due to its high 
sensitivity to vibration, polarization changes, and pump amplitude fluctuations. Also, 
data conversion in a SOA is limited by its frequency response due to gain recovery, 
thus is difficult to switch out short pulses to constitute a RZ signal. In this paper, we 
demonstrate a simple scheme for N R Z to RZ data conversion using the Kerr non-
linearity in a dispersion-shifted fiber (DSF). Comparing to a N O L M , this approach 
offers a relatively stable and simple operation, and is less susceptible to 
environmental disturbances. In addition, control pulses longer than the switching 
window can be employed as long as they have a sharp rising or trailing edge [6]. 
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6.2 Principle and Explanation of experimental setup 
Our scheme exploits cross-phase modulation (XPM) in a dispersion-shifted fiber 
(DSF) with subsequent bandpass filtering to realize data conversion. In this work, the 
DSF acts as a phase modulator. The input NRZ data is generated by external 
modulating a continuous-wave (CW) light signal. The signal is then launched together 
with the control pulses into the DSF. The control pulses cause a change in the 
refractive index over the fiber length through the non-linear Kerr effect. Hence, the 
phase of the N R Z signal will be modulated, resulting in a broadening of its optical 
spectrum owing to the time derivative effect of XPM. With an optical filter, the 
broadened part of the spectrum can be extracted and the converted signal can thus be 
obtained. As the scheme does not require a precise value of the non-linear phase shift 
[7], the conversion technique is relatively simple. 
Our experimental setup is shown in Fig. 6.1. The control pulses are generated from a 
gain-switched distributed-feedback (DFB) laser diode at a repetition rate of 2.5 GHz. 
The pulse width is 24.6 ps with a center wavelength at 1547.1 nm. The input signal 
contains a bits pseudorandom 2.5 Gb/s N R Z data at 1551.6 nm. The relative 
delay between the control pulses and the N R Z data is controlled by a tunable 
electrical delay element not shown in the figure. The control pulses and the data 
signal are combined through a 3 dB coupler and are amplified by an erbium doped 
fiber amplifier to about 16 dBm average power. A 10-km DSF with a zero dispersion 
wavelength at 1550 nm and a dispersion slope of 0.067ps/nm^/km is used as the 
medium for cross phase modulation. The electrical delay is adjusted to maximize the 
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Fig. 6.1 Experimental setup for all-optical NRZ to RZ data conversion by cross phase 
modulation in a dispersion-shifted fiber. DFB: distributed feedback laser 
diode; PC: polarization controller; EDFA: erbium-doped fiber amplifier; 
DSF: dispersion shifted fiber; BPF: bandpass filter. 
temporal overlap of the signal and control pulses. Polarization controllers (PC) are 
employed to optimize the effect of X P M which results in a broadening of the optical 
spectrum. A 2.5 nm tunable bandpass filter (BPF) is placed at the output of the DSF 
to filter out the broadened part of the spectrum. The control pulses and the amplified 
spontaneous emission (ASE) noise from the EDFA are also suppressed. The 
converted output is then characterized using a 32 GHz photo-detector and a digital 
sampling oscilloscope. The spectral characteristics is analyzed by an optical spectrum 
analyzer with a 0.08 nm resolution. 
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6.3 Experimental results and Bit error rate test 
Fig. 6.2 shows the optical spectra measured at different positions of the experimental 
setup. The dotted line shows the spectrum of the control and signal pulses before the 
EDFA. The solid line is the spectrum obtained after phase modulation in the DSF. It 
is observed that the spectral peaks associated with both the DFB and the input signal 
are broadened. The spectral broadening is a consequence of a combination of self-
phase modulation (SPM) and X P M in the EDFA and DSF. It is noted that the spectral 
broadening along with fiber dispersion will cause some distortion of the control 
pulses. However, the change should not severely affect the quality of the format 
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Fig. 6.2 Optical spectra measured before the EDFA, after the DSF, and after the 
BPF. The center wavelengths of the data signal and control pulses are 
1551.6 and 1547.1 nm, respectively. 
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conversion. Owing to signal attenuation in the DSF, the power level of the spectrum is 
lowered. The dashed line shows the filtered output from the X P M broadened 
spectrum. The broadening towards the short wavelength direction is attributed to 
X P M caused by the trailing edge of the control pulses. The center wavelength of the 
converted signal is 1550.6 nm, which is about 1 nm away from the operating 
wavelength of the N R Z data. 
A distinct advantage of performing format conversion using non-linearity in a fiber 
rather than in a SOA is that the data rate will not be limited by the SOA recovery 
time. Also, control pulses longer than the switching window can be used as long as it 
has a sharp rising or falling edge, depending on whether the output is filtered out from 
the long or short wavelength side of the broadened spectrum. In our case, short 
control pulses are used to demonstrate that broadening can occur on both sides of the 
spectrum. 
Oscilloscope traces shown in Fig. 6.3 correspond to (a) a ‘00110100110’ NRZ signal 
pattern, (b) input DFB control pulses before the 3 dB coupler, and (c) the converted 
RZ output signal. By comparing the three plots in Fig. 6.3, it is clear that the DSF acts 
as an all-optical logical A N D gate between the input N R Z pattern and the control 
pulses [3]. The measured pulse width of the converted RZ signal is 34.5 ps, which is 
slightly larger than that of the control pulses. The output pulse width is jointly 
determined by the trailing edge of the control pulses and the switching window. To 
reduce the output pulse width and to further improve the efficiency of format 
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conversion, a DSF with a smaller dispersion slope can be used to reduce the walk-off 
between the control and the signal. In this case, a larger broadening of the spectrum 
will also be expected [8]. 
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Fig. 6.3 Temporal characteristics of (a) the NRZ input signal, (b) the DFB control 
pulses, and (c) the filtered RZ output signal. 
83 
New Approaches for laser pulse generation and signal processing. • • CHAPTER 2 
Fig, 6.4 (a) and (b) show the eye diagrams of the N R Z input signal and the 
corresponding converted RZ signal measured by a 32 GHz photo-detector. A clear and 
open 2.5 Gb/s eye of the converted signal is obtained. It is worth mentioning that if 
the bit rate of the input signal is a multiple of the repetition rate of the control pulses, 
the approach can be used simultaneously for all-optical time demultiplexing of the 
signal. 
W) 
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Fig. 6.4 Eye diagrams of (a) the 2.5 Gb/s NRZ input signal and (b) the filtered output 
signal 
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Fig. 6.5 Plot of the output bit-error-rate against the received optical power. 
The bit-error-rate (BER) performances of the converted RZ signal and the back-to-
back N R Z signal are measured. Fig. 6.5 plots the output BER against the received 
optical power. Compared to the N R Z back-to-back measurement, the power penalty 
associated with the data conversion is less than 2 dB at a BER of 10'^ . The RZ data 
has a larger negative slope owing to the conversion of the data format. The power 
penalty is attributed mainly to the finite bandwidth of the optical filter that results in 
certain portion of the N R Z data appearing at the output. The ASE noise of the EDFA 
also degrades the signal-to-noise ratio of the converted signal. 
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Although the data conversion was performed at 2.5 Gb/s, the scheme should be 
applicable for 10 Gb/s as the output pulse width was only 34.5 ps. With a further 
optimization in the rising or trailing edge of the control pulses, the fiber length, and 
the passband of the optical filter, operation beyond 10 Gb/s can be expected. 
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6.4 Conclusion 
W e have demonstrated an efficient scheme for all-optical N R Z to RZ data format 
conversion based on cross-phase modulation in a DSF. Owing to cross phase 
modulation induced by the control pulses, the spectrum of the input signal is 
broadened and the converted RZ data can be obtained by optical filtering from the 
output. A clear and open eye diagram at 2.5 Gb/s is obtained with a power penalty 
less than 2 dB at 10'^  BER level. The signal to noise ratio can be improved by using a 
filter with a narrower passband. The data conversion serves as an effective interface 
between low-speed local networks and high-speed trunk lines for all-optical 
communications. 
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7 SPECTRAL FILTERING FROM A PHASE 
MODULATED SIGNAL FOR ALL-OPTICAL PULSE 
COMPRESSION AND RESHAPING IN A 
DISPERSION-SHIFTED FIBER 
In this chapter, another application on the fiber non-linearity is presented. Nonlinear 
pulse compression and restoration of weak distorted optical pulses has been 
demonstrated experimentally by cross-phase modulation (XPM) and self-phase 
modulation (SPM) in a dispersion-shifted fiber (DSF). The output is obtained from 
filtering of the broadened optical spectrum. The results show that the output pulse 
width is reduced from 61 to 28 ps. By adjusting the relative delay between the control 
and signal pulses, the optimum pulse compression is found. This technique is applied 
for restoring the RZ data suffering distortion from polarization mode dispersion. 
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7.1 Pulse compression by XPM 
7.1.1 Introduction 
Optical pulse compression is an important application of the nonlinear effects in 
optical fibers. In ultra-fast optical fiber communications, the signal waveform is easily 
distorted by unavoidable dispersion in the transmission fiber. Therefore, pulse-
reshaping techniques are necessary for compensating the distortion. 
Recently, optical pulse compression and restoration has been proposed using self 
phase modulation (SPM) technique [1,2]. However, SPM requires an intense input 
pulse and thus it is inefficient for compressing low power pulses. It has been known 
that co-propagating pulses can transfer the intensity modulation of one pulse to phase 
modulation of the other pulse through non-linear cross-phase modulation (XPM) [3]. 
X P M between optical pulses of different frequencies has been observed to produce 
induced frequency sweeps and broadening or shifts, which is suited for pulse 
compression. 
In the experiment, we demonstrate all-optical pulse compression using the nonlinear 
property of a dispersion-shifted fiber (DSF) with subsequent spectral filtering. DSF is 
used to impose X P M on the signal pulses. An obvious advantage of X P M is that it can 
compress weak input pulse as the frequency chirp is produced by a co-propagating 
intense control pulse [4]. This approach offers a relatively stable and simple 
operation. No phase match is required and the extent of compression only depends on 
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the trailing edge of the control pulses [5] and the relative delay between the control 
and signal pulses. Pulse compression occurs most efficiently when the signal pulse 
co-propagates in synchronization with the edge of the control pulse. Here, we have 
also experimentally demonstrated the pulse restoration for optical pulses distorted by 
the chromatic dispersion by X P M in DSF. By adjusting the relative delay between 
control and input signal appropriately, restoration of the RZ data that suffer from 
pulse broadening due to fiber dispersion is observed. 
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7.1.2 Details of experimental setup 
The experimental setup is shown in Fig. 7.1. The gain-switched DFB 1 laser is 
directly driven by a RF synthesizer at a repetition rate of 2.5 GHz and generates 30 ps 
control pulses at a wavelength of 1547 nm. Another gain-switched laser, DFB 2 
generates 61 ps pulses at a wavelength of 1550.4 nm. It is then encoded with 2.5 Gb/s 
RZ 231-1 PRBS using an intensity modulator driven by a pattern generator. The 
relative delay between the two pulse trains is controlled by a tunable electrical delay 
not shown in the figure. The control and input pulses are combined via a 3 dB 
P C I 
DFB1 \ • 
^ 3 dB 
\ coupler 
intensity 
PC 2 modulator PC 3 j 




^ p n ^ nnn 乂 
10 km ^ ^ PC 4 
BPF DSF 
Fig. 7.1 Experimental setup for nonlinear pulse compression and reshaping using 
cross-phase modulation in a dispersion-shifted fiber. DFB: distributed 
feedback laser diode; PC: polarization controller; EDFA: erbium-doped 
fiber amplifier; DSF: dispersion shifted fiber; BPF: bandpass filter. 
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coupler and then amplified by an erbium-doped fiber amplifier (EDFA) with a 
saturation power of 23-dBm. The pulses are amplified to a power of about 20-dBm 
and then launched into 10-km DSF with a zero dispersion wavelength at 1550 nm. 
The DSF is used as a medium to modify the phase of the input pulses by XPM. The 
optical spectrum of the 2.5 GHz input pulses is hence broadened. A tunable 2.5 nm 
bandpass filter (BPF) is placed at the output of the DSF to reject the control pulse and 
only allow the signal pulse passing through. The signal spectrum is broadened due to 
X P M effect in the DSF. The filtered output is then characterized using a 32 GHz 
photo-detector and a digital sampling oscilloscope. Optical spectrum measurements 
are performed using an analyzer with a 0.08 nm resolution. 
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7.1.3 Experimental results 
7.1.3.1 Output spectra and eye patterns 
Fig. 7.2 shows the spectra of the pulses measured at different positions in the 
experimental setup. The dashed line shows the spectrum obtained before the pulses 
enter the EDFA and the DSF. The power difference between the control and the input 
pulses is about 0.82-dBm. The solid line is the spectrum obtained after the DSF. It is 
observed that the spectral peaks associated with both the DFB control and the signal 
are broadened. The broadening in DFB pump peak is caused by the combined effects 
of SPM and X P M in the DSF, while that of the input RZ signal is due to X P M 
induced by the DFB control pulse. The strong spectral broadening along with fiber 
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Fig. 7.2 Optical spectra measured after 3 dB coupler, after the DSF, and after the 
BPF. The center wavelengths of the data signal and control pulses are 
1551.6 and 1547.1 nm, respectively. 
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dispersion causes some distortion of the pump pulse but the quality of the output 
pulses is not severely affected. The dotted line shows the filtered X P M broadened 
spectrum with a peak wavelength of 1550.6 nm, which is about 0.4 nm away from the 
input signal wavelength. 
The eye diagrams of the RZ input signal and the filtered RZ output signal are shown 
in Fig. 7.3(a)-(b). A widely open and clear eye pattern of the output RZ signal is 
obtained. The pulse width before and after the nonlinear compression and reshaping 
process are 61 ps and 28 ps, respectively. A direct comparison of two eye patterns, a 
significantly compressed and reshaped output pulses is obtained and the eye pattern is 
still clearly open. 
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Fig. 7.3 Eye patterns of (a) the 2.5 Gb/s RZ data signal and (b) the filtered RZ 
output signal. 
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7.1.3.2 Data analysis and discussions 
By controlling the relative delay between the control and signal pulses, different pulse 
widths and peak power at different filtered wavelengths are obtained. Variation of the 
output pulse width and the peak power on the wavelength difference between the 
filtered output and the input signal is shown in Fig. 7.4. The result shows that the peak 
power decrease as the wavelength difference increases. The obtained pulse width of 
the filtered output varies between 27 to 54 ps across the separation. As the filtered 
peak wavelength is further away from the original signal wavelength, a narrower 
pulse is obtained. However, the pulse width appears to reach a lower limit after a 
certain amount of separation. The output pulse width also limited by the bandwidth of 
the optical filter. The output pulse characteristics are given in Table 7.1. The value of 
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Fig. 7.4 Dependence of the pulse width and the peak power on the wavelength 
difference between the input and output pulses 
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time-bandwidth product varies 0.29 to 0.71 over the tunable filtered peak wavelength 
range. It is observed that the values of time-bandwidth product decrease, as the 
filtered peak wavelength is further away from the input. 
Table 7.1 Output pulse characteristic across the tunable filtered peak wavelength 
A入(nm) Pulse width (ps) 3 dB bandwidth (nm) Time-bandwidth product 
0.44 nm 27 009 O ^ 
0.36 nm ^ 009 031 
^^0.36 nm ^ 0l2 055 
^^0.27 nm 40 ol^ 
0.24 nm M o H 
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7.2 Pulse Restoration by XPM 
7.2.1 Details of experiment 
To demonstrate optical pulse restoration from dispersion distortion, another 
experiment as depicted in Fig. 7.5 is performed. The control pulses are generated 
from a gain-switched distributed-feedback (DFB 1) laser diode at a repetition rate of 
2.5 GHz. The pulse width is 44 ps with a center wavelength at 1546.8 nm.2.5 Gb/s 
RZ data is encoded on 89 ps optical pulses from another gain-switched DFB (DFB 2) 
laser at a wavelength of 1551.8 nm. The 2.5 Gb/s RZ data is distorted by 50 km of 
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DFB1 I ^ \ 3dB 
\ coupler 
intensity ^ d Z ^ ^ 
PC 2 modulator PC 3 j j J 
DFB 2 QQQ k “ > 1 QQQ ^^ 乂 
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Fig. 7.5 Experimental setup for nonlinear pulse restoration using cross-phase 
modulation in a dispersion-shifted fiber. DFB: distributed feedback laser 
diode; PC: polarization controller; SMF: single-mode fiber; EDFA: erbium-
doped fiber amplifier; DSF: dispersion shifted fiber; BPF: bandpass filter. 
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single mode fiber, which have a large anomalous dispersion (D=17ps/nm-km) at 1.55 
\im. The control pulses and distorted data are combined together using a 3 dB coupler 
prior to launching the signals into the EDFA with a saturation power of +26 dBm and 
are then coupled into a 10 km of DSF. Again, a tunable 2.5 nm bandpass filter (BPF) 
is placed at the output of the DSF to slice the X P M broadened spectrum to restore the 
pulse width. The filtered output is then characterized using a 32 GHz photo-detector 
and a digital sampling oscilloscope. Optical spectrum measurements are performed 
using an analyzer with a 0.08 nm resolution. 
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7.2.2 Output eye patterns 
Fig. 7.6 (a) shows the input 2.5 Gb/s data, and Fig. 7.6 (b) show the data distorted by 
the dispersion in the SMF. The eye patterns look more open due to the broader pulses 
and the pulse width is above 200 ps. The eye patterns are heavily distorted. Fig. 7.6 
(c) shows the data after restoration by X P M and the pulse width comes down to 39 ps. 
The eye patterns are still clearly open. 
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Fig. 7.6 Eye patterns of (a) the 2.5 Gb/s RZ data input signal and (b) the distorted 
RZ data by 50 km SMF (c) the filtered RZ output signal. 
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7.3 Conclusion for pulse compression and reshaping by XPM 
W e have demonstrated a simple scheme for optical pulse compression and reshaping 
based on cross-phase modulation in a DSF. The output signal is obtained by optical 
filtering from the broadened spectrum. The pulse width has been reduced from 61 to 
28 ps. An open eye diagram of a 2.5 Gb/s filtered output data train is obtained. By 
adjusting the relative delay between the control and input signal pulses, the optimum 
pulse compression can be obtained. The operation of pulse compressor requires no 
critical adjustment other than the relative delay time between two signals. This 
scheme can also be applied to restore RZ data suffering from dispersive distortion. 
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8 SPECTRAL FILTERING FROM A SELF-PHASE 
MODULATED SIGNAL FOR ALL-OPTICAL 
PULSE COMPRESSION AND RESHAPING 
From the previous chapter, we have demonstrated pulse compression and reshaping of 
weak input pulse by another intense pump pulse to induce cross-phase modulation in 
order to overcome the weakness point of self-phase modulation (SPM). In this chapter, 
a novel and simple method is demonstrated for the enhancement of spectral 
broadening by SPM in a dispersion-shifted fiber (DSF) for all-optical pulse 
compression and reshaping. The key to the achievement is the use of a double-pass 
DSF configuration and two-stage optical filtering to increase the frequency chirp. The 
output pulses are obtained by optical filtering from the SPM-induced broadened 
spectrum with a pulse width reduction from 40 to 8 ps. The advantage of this approach 
is also confirmed by a direct comparison of the results obtained from the conventional 
single-pass DSF configuration. 
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8.1 Introduction 
In high-bit-rate optical systems, the signal waveform is easily degraded by 
unavoidable dispersion or non-linearity of the transmission medium. Therefore, 
optical communication systems require pulse compression and reshaping techniques 
to compensate pulse distortion. One simple and effective method is based on self-
phase modulation (SPM) in a non-linear medium to induce intensity-dependent phase 
shift or frequency chirp to compress the optical pulses. The most common and 
simplest way is to use a dispersion-shifted fiber (DSF) as a non-linear medium to 
induce spectral broadening with subsequent optical filtering. The filter is positioned 
offset from the original wavelength to select the output signal from one of the side 
bands. This method has previously been demonstrated to improve the extinction ratio 
of retum-to-zero (RZ) signals [1] and for pulse restoration [2]. SPM occurs in high-
intensity light pulses and spectral broadening about the leading and trailing edges can 
be used with optical filtering to extract an output pulse with a smaller width. The 
performance of this approach depends on the slope of the input pulse instead of the 
input pulse width [2] and does not require phase matching. Therefore, there are 
essentially no critical parameters or adjustments. Also, the approach has no limitation 
on the bit-rate and is polarization insensitive. However, as the spectral broadening 
depends on the slopes of the input pulse, a broad pulse with a low peak power will 
result in a weak SPM broadening, thus degrading the quality of the output [2]. A very 
intense input pulse is required for strong SPM or sufficient spectral broadening in the 
conventional method. In this letter, a novel approach is demonstrated to enhance 
SPM-induced spectral broadening. In the setup, a re-circulating path with additional 
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filtering is adopted such that the optical pulses will propagate through the non-linear 
medium twice to enhance the nonlinear phase shift. Since the phase shift increases 
with the fiber length, more frequency components are generated continuously as the 
pulse propagates through the medium [3]. Therefore, the SPM-induced frequency 
chirp will significantly broaden the spectrum. W e also compare the degree of spectral 
broadening and pulse compression of our technique with the conventional single-pass 
configuration. 
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8.2 Schematic diagram of experimental setup 
Fig. 8.1 shows the schematic diagram of our setup with a double-pass DSF 
configuration and two-stage optical filtering. The conventional single-pass approach 
is also shown in dashed lines. A distributed-feedback (DFB) laser diode at 1547.28 
nm is directly modulated to generate pulses at 2.5 GHz. The pulses are encoded with a 
2.5 Gb/s, 231-1 bits pseudorandom binary sequence by an optical modulator to form a 
2.5 Gb/s retum-to-zero (RZ) signal. The signal is then amplified by an erbium-doped 
fiber amplifier (EDFA 1) to yield an average power of +22 dBm. It is then launched 
through an optical circulator to a lO-km DSF with a zero dispersion wavelength at 
1550 nm and a dispersion slope of 0.067ps/nm^/km. The DSF is used to impose a 
phase modulation onto the input signal by SPM. The configuration uses two 
circulators (OC 1 and O C 2) to allow optical pulses to propagate twice through the 
DSF in opposite directions. A tunable band-pass filter (BPF 1) and another optical 
amplifier (EDFA 2) are also added in the loop. BPF 1 is used to slice the SPM-
induced broadened spectrum after initial propagation of the pulse in the DSF. The 
filtering range is from 1548.03 to 1550.28 nm. The leading edge of the pulse 
generates new frequency components towards the red side [3] and thus the filter is 
positioned at the long wavelength side with respect to the original signal. The EDFA 
2 provides gain for compensating the cavity loss. The optical pulses then pass through 
the DSF again to impose further phase modulation. Polarization controllers (PCs) are 
employed to optimize the effect of SPM. Another optical filter (BPF 2) with a 3-dB 
bandwidth of 0.5 nm is placed at the output port of the circulator (OC 1) to again filter 
out the signal from the broadened part of the spectrum. The pulse characteristics are 
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Fig. 8.1 Experimental setup on all-optical pulse compression and reshaping by self-
phase modulation. The part with solid lines shows a double-pass configuration 
with additional filtering and amplification while the part with dashed lines 
shows the conventional single-pass approach. DFB: distributed feedback laser 
diode; PC: polarization controller; OC: optical circulator; EDFA: erbium-
doped fiber amplifier; DSF: dispersion-shifted fiber; BPF: band-pass filter. 
measured using a 32 GHz photo-detector and a digital sampling oscilloscope. The 
spectral characteristics are analyzed by an optical spectrum analyzer with a 0.08 nm 
resolution. 
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8.3 Experimental Results and Discussions 
8.3.1 Results measured by optical spectrum analyser and 
oscilloscope 
Fig. 8.2 (a) and (b) display the optical spectra at different positions of the 
experimental setup for the conventional SPM and the double-pass SPM 
configurations, respectively. In the figures, the dotted curves are the spectra of the 
input signal and the solid curves correspond to the spectra obtained after the DSF. 
SPM-induced spectral broadening of the input signal is observed in both cases. In 
Fig. 8. 2 (a), the dashed curve represents the filtered output signal from the broadened 
spectrum. The peak wavelength is 1548.2 nm and is 1.1 nm longer than the input 
wavelength. In the double-pass configuration, the peak wavelength of the filtered 
signal is 1550.6 nm, which is 2.98 nm away from the input wavelength. Thus, a direct 
comparison between Fig. 8.2 (a) and (b) shows that our new approach can 
significantly enhance the spectral broadening. The generated sideband is also further 
away from the input wavelength. W e also study the output spectrum without EDFA 2. 
The spectral broadening is nearly the same, except that a lower power level is 
observed, resulting in a weaker output pulse. 
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Fig. 8.2 Optical spectra measured at different positions of the system using (a) 
conventional SPM; (b) SPM with double-pass DSF and two-stage optical 
filtering. 
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Fig. 8.3 (a) and (b) show the eye diagrams of the 2.5 Gb/s RZ input signal and the 
corresponding filtered output measured by a 32 GHz photo-detector. The eye pattern 
in Fig. 8.3 (b) shows that the pulse quality has been improved. The pulse width is 
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Fig. 8.3 Eye diagrams of (a) the 2.5 Gb/s RZ input signal and (b) the filtered RZ 
output signal. 
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measurement of the output pulses, a second harmonic autocorrelation (SHG) 
measurement is performed. Instead of a 2.5 Gb/s RZ signal, a 2.5 GHz pulse train 
now serves as the input by removing the optical modulator in Fig. 1. The input pulse 
width is 40 ps. Fig. 8.4 shows the SHG trace of the corresponding output pulse 
obtained at 1550.6 nm. The curve is fitted with a Gaussian profile and the 
deconvolved temporal width is 8 ps. It is worth noting that both the pulse width and 
the pulse shape depend on the bandwidth of the tunable BPF. Using a BPF with a 
narrower bandwidth, improved quality of the output pulses can be obtained. 
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Fig. 8.4 Second harmonic autocorrelation trace of the output pulse at 1550.25 nm. 
The solid curve shows the measured result and the dotted curve is the 
Gaussian fit. 
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8.3.2 Data comparison with Conventional SPM and bit-error-rate 
test 
To compare the effectiveness of pulse compression by SPM and optical filtering in the 
two cases, we measure the output pulse width as a function of the filtered peak 
wavelength. The dependence of the pulse width on the wavelength is plotted in Fig. 
8.5. In the case of conventional SPM, the obtained pulse width is always longer than 
20 ps. For the double-pass configuration, the width varies between 8 and 15.4 ps 
across a 3.0 nm-broadened spectrum. The pulse width reduces as the peak wavelength 
is tuned away from the input. This is because the frequency chirp increases with the 
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Fig. 8.5 Plot of the measured output pulse width against the filtered peak wavelength. 
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rate of change of the input power, and a faster change in power implies a narrower 
pulse. Also, when the filtered wavelength is further away from the input, the SPM-
induced spectral components will dominate the output signal and lead to a larger 
degree of pulse compression. To further improve the spectral broadening, a DSF with 
a smaller mode field diameter and a lower dispersion can be employed. The output 
pulses characteristics are given in Table 8.1. The value of time-bandwidth product 
varies from 0.17 to 0.46 over the tunable filtered peak wavelength range. At the 
filtered peak wavelength of 1547.83 nm, the time-bandwidth product is 0.46，which is 
very close to the transform-limited value 0.44 for the Gaussian pulse shape. 
Table 8.1 Output pulse characteristic across the tunable filtered peak wavelength 
Pulse width (ps) 3 dB bandwidth (nm) Time-bandwidth product 
1547.83 nm 024 046 
1548.23 nm HAS ols 032 
1548.48 nm 1151 oTs 
1548.80 nm 1198 ol? 028 
1549.23 nm I L ^ oT? 
1549.58 nm 0l6 O ^ 
1549.93 nm ^ Ols 
1550.25 nm ^ oT6 ^ 
The bit-error-rate (BER) performances of the filtered output RZ signal and the back-
to-back input signal using the novel method are measured. Fig. 8.6 plots the output 
BER against the received optical power. Compared these two curves, about 1 dB 
power penalty is obtained at a BER of 10"^ . As two EDFAs are involved in the 
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Fig. 8.6 Plot of bit-error-rate against the received optical power using novel method. 
experimental setup, there is some unavoidable ASE noise filtered at the output that 
degrades the signal-to-noise ratio of the compressed RZ signal. 
To perform pulse compression at 10 GHz, we use a multiplexer to generate optical 
pulses at the repetition rate of 10 GHz. The input pulse trace is shown in Fig. 8.7 (a) 
with pulse width of 34 ps. The input pulses are launched into the double-pass DSF 
scheme for pulse compression and reshaping. A sampling oscilloscope trace of the 
filtered output pulse train is shown in Fig. 8.7 (b). It can be observed that the pulses 
are compressed and pulse width of about 18 ps. However, because of the lower peak 
power of input optical pulses in higher repetition rate, it is more difficult to obtain 
more compressed output optical pulses in higher optical power. With higher and more 
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even input optical pulses, better quality of the output pulses beyond 10 GHz can be 
expected. 
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Fig. 8.7 (a) The 10 GHz input pulse train and (b) the filtered output pulse train. 
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8.4 Conclusion 
A novel and efficient scheme for all-optical pulse compression and reshaping has 
been demonstrated based on self-phase modulation in a DSF. By introducing a 
double-pass DSF configuration with additional optical filtering, a significantly 
enhanced SPM-induced spectral broadening is observed. Spectral shift due to the 
SPM is measured to be as large as 3 nm. The output pulse is obtained by filtering 
from the broadened spectrum and the pulse width has been reduced from 40 to 8 ps. 
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9 CONCLUSION AND FUTURE WORK 
In this chapter, we summarize the contribution of this dissertation and then provide 
suggestions for future works. 
9.1 Conclusion 
The main motivation of this work is to investigate the applications of optical non-
linearities and to study the different effects of self-phase modulation (SPM) and cross-
phase modulation (XPM) on fiber optical communications system experimentally. 
The work starts with a demonstration on electrically wavelength-tunable pulse 
generation using a SOA loop mirror that serves as an all-optical modulator. The 
implementation of all-optical switching is based on the technique of XPM. The 
outputs are obtained at a constant repetition frequency about 1 GHz with a tuning 
range over 19 nm. A linear relation between the output wavelength and the electrical 
delay time is recorded which agrees with the calculated result. 
Apart from using SOA, dispersion-shifted fiber (DSF) is employed as another non-
linear medium for signal processing. Due to the relatively slow gain recovery, SOA 
has a limit to the application on the all-optical high-bit-rate signal processing, and it is 
difficult to obtain short pulses at the output to constitute a RZ signal. DSF has a flat 
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wide band response and is less polarization sensitive. In chapter 5, wavelength 
conversion is demonstrated through X P M performed in DSF. Reconfigurable 
networks require wavelength conversion capabilities and all-optical regeneration. An 
input signal modulates the phase of an incoming continuous-wave (CW) signal at a 
different wavelength. The DSF and optical filter combination converts this phase 
modulation into amplitude modulation. 
Another important application on the fiber non-linearity is all-optical NRZ- to-RZ 
format conversion. Clear eye opening of RZ output signal is observed. The 
experimental results show that DSF acts an all-optical A N D gate. In addition, this 
approach provides relatively simple and stable operation. About 2 dB power penalties 
are observed in the output 2.5 Gb/s data stream. NRZ-to-RZ conversion is a closely 
related function because NRZ is a traditional signaling format, which is commonly 
used in W D M networks, and RZ format is used in ultra-high-speed for time-division 
multiplexing system. 
With the same principle of phase modulation, all-optical pulse compression and 
reshaping is performed in chapter 7. By adjusting the relative time delay between the 
two input pulses, the most broadened spectrum of input pulses can be obtained. To 
further simplify the experiment, pulse compression can be performed by conventional 
self-phase modulation (SPM). However, compressing a signal pulse by SPM requires 
very high power to induce the frequency chirp and this technique is not practical for a 
weak pulse. In the double-pass DSF scheme, the SPM-induced spectral broadening 
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has been significantly enhanced. The experimental result shows a great improvement 
in the efficiency of pulse compression. 
121 
New Approaches for laser pulse generation and signal processing. • • CHAPTER 2 
9.2 Possible future work 
1. Due to the fast response time of the fiber non-linearity, it is possible to 
demonstrate at higher bit rate in the experiment of format conversion and pulse 
reshaping. 
2. For double-pass DSF scheme, it can be applied for demonstrating XPM-based 
signal processing experiment. The optical circulators and the re-circulating loop 
can be placed behind the 3 dB coupler for performing X P M between the input 
signal and control signal. The center filtering range of the bandpass filter in the re-
circulating loop has to be placed slightly offset from the original wavelength of 
the input signal in order to allow performing second stage of XPM. 
3. Photonic crystal fibers have aroused great interest in the optical communication 
area. Due to the large value of non-linear refractive index, 112’ the fibers provide 
low loss transmission and offer up to 30 times higher non-linearity non-linear than 
the conventional silica fiber types. With a more highly nonlinear fiber, it is 
possible to decrease the required pulse power, or to use a shorter fiber, where the 
dispersive walk-off would be less significant. Due to the fast response time of the 
fiber non-linearity, it should be possible to demonstrate at higher speeds. These 
fibers can be applied in our setup to improve the experimental performance. As 
the non-linearity is still effective at low energy pulses, it is possible to enhance the 
spectral broadening by X P M and SPM in crystal fibers. However, at this moment 
crystal fiber is still very expensive and it is not cost effective. 
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